Introduction 36
Saccharomyces cerevisiae, commonly known as baker's or brewer's yeast, has been utilized by humans 37 for the production of fermented beverages since at least 1,350 B.C.E. but may go as far back as the 38 Neolithic period 7,000 years ago (Mortimer 2000; Cavalieri et al. 2003) . Phylogenetic analyses and 39 archaeological evidence suggest wine strains originated from Mesopotamia (Bisson 2012 ) and were 40 domesticated in a single event around the same time as the domestication of grapes (Schacherer et al. 41 2009; Sicard and Legras 2011). Further phylogenetic, population structure and identity-by-state analyses 42 of single nucleotide polymorphism (SNP) data reveal close affinity and low genetic diversity among wine 43 yeast strains across the globe, consistent with a domestication-driven population bottleneck (Liti et al. 44 2009; Schacherer et al. 2009 ; Sicard and Legras 2011; Cromie et al. 2013; Borneman et al. 2016 ). These 45 low levels of genetic diversity have led some to suggest that further wine strain development should be 46 focused on introducing new variation into wine yeasts rather than exploiting their standing variation 47 (Borneman et al. 2016) . 48 49 Many wine strains have characteristic variants that have presumably been favored in the wine-making 50 environment (Marsit and Dequin 2015) . For example, adaptive point mutations, deletions and 51 rearrangements in the promoter and coding sequence of FLO11 contribute to flocculation and floating 52 thereby increasing yeast cells' ability to obtain oxygen in the hypoxic environment of liquid fermentations 53 (Fidalgo et al. 2006) . Similarly, duplications of CUP1 are strongly associated with resistance to copper 54 (Warringer et al. 2011 ), which at high concentrations can cause stuck fermentations, and THI5, a gene 55 involved in thiamine metabolism whose expression is associated with an undesirable rotten-egg sensory 56 perception in wine, is absent or down regulated among wine strains and their derivatives (Bartra et al. Relatively few studies have investigated whole-genome CN profiles in fungi (Hu et al. 2011; Farrer et al. 74 2013; Steenwyk et al. 2016 ). For example, the observed CN variation of chromosome 1 in the human 75 pathogen Cryptococcus neoformans results in the duplications of ERG11, a lanosterol-14-α-demethylase 76 and target of the triazole antifungal drug fluconazole (Lupetti et al. 2002) , and AFR1, an ATP binding 77 cassette (ABC) transporter (Sanguinetti et al. 2006) , leading to increased fluconazole resistance (Sionov 78 et al. 2010) . Similarly, resistance to itraconazole, a triazole antifungal drug, is attributed to the duplication 79 of cytochrome P-450-depdendent C-14 lanosterol α -demethylase (pdmA) -a gene whose product is 80 essential for ergosterol biosynthesis -in the human pathogen Aspergillus fumigatus (Osherov et al. 2001) . 81
Finally, in the animal pathogen Batrachochytrium dendrobatidis, the duplication of Supercontig V is 82 associated with increased fitness in the presence of resistance to an antimicrobial peptide, although the 83 underlying genetic elements involved remain elusive (Farrer et al. 2013) . and MAL3 loci in beer associated strains of S. cerevisiae, which metabolize maltose, the most abundant 90 sugar in the beer wort (Gallone et al. 2016; Gonçalves et al. 2016) . Beer strains of S. cerevisiae often 91 contain additional duplicated genes associated with maltose metabolism, including MPH2 and MPH3, 92 two maltose permeases, and the putative maltose-responsive transcription factor, YPR196W (Gonçalves et 93 al. 2016 ). Adaptive gene duplication in S. cerevisiae has also been detected in experimentally evolved 94 populations (Dunham et al. 2002; Gresham et al. 2008; Dunn et al. 2012) . Specifically, duplication of the 95 locus containing the high affinity glucose transporters HXT6 and HXT7 has been observed in adaptively 96 evolved asexual strains (Kao and Sherlock 2008) as well as in populations grown in a glucose-limited 97 environment (Brown et al. 1998; Dunham et al. 2002; Gresham et al. 2008) . Altogether, these studies 98 suggest that CN variation is a significant contributor to S. cerevisiae evolution and adaptation. 99
100
To determine the contribution of CN variation to genome evolution in wine strains of S. cerevisiae, we 101 characterized patterns of CN variation across the genomes of 132 wine strains and determined the 102 functional impact of CN variable genes in environments reflective of wine-making. Our results suggest that there is substantial CN variation among wine yeast strains, including in gene families (such as CUP, 104 FLO, HXT and MAL) known to be associated with adaptation in the fermentation environment. More 105 generally, it raises the hypothesis that CN variation is an important contributor to adaptation during 106 microbial domestication. Figure S1 , File S1). 114
Altogether, these 132 strains represent a diverse set of commercial and non-commercial isolates from the 115 'wine' yeast clade (Borneman et al. 2016) . 116
117
Sequence reads were quality-trimmed using TRIMMOMATIC, version 0.36 (Bolger et al. 2014 ) with the 118 following parameters and values: leading:10, trailing:10, slidingwindow:4:20, minlen:50. Reads were 119 then mapped to the genome sequence of the S. cerevisiae strain S288c (annotation release: R64.2.1; 120 http://www.yeastgenome.org/) using BOWTIE2, version 1.1.2 (Langmead and Salzberg 2012) with the 121 'sensitive' parameter on. For each sample, mapped reads were converted to the bam format, sorted and 122 merged using SAMTOOLS, version 1.3.1. Sample depth of coverage was obtained using the SAMTOOLS 123 depth function (Li et al. 2009 ). 124
125

CN Variant Identification 126
To facilitate the identification of single nucleotide polymorphisms (SNPs), we first generated mpileup 127 files for each strain using SAMTOOLS, version 1.3.1 (Li et al. 2009 ). Using the mpileup files as input to 128 VARSCAN, version 2.3.9 (Koboldt et al. 2009 (Koboldt et al. , 2012 , we next identified all statistically significant SNPs 129 (Fisher's Exact test; p < 0.05) present in the 132 strains that had a read frequency of at least 0.75 and 130 minimum coverage of 8X. This step enabled us to identify 149,782 SNPs. By considering only SNPs that 131 harbored a minor allele frequency of at least 10%, we retained 43,370 SNPs. These SNPs were used to 132 confirm the evolutionary relationships among the strains using Neighbor-Net phylogenetic network 133 analyses in SPLITSTREE, version 4.14.1 (Huson 1998 To detect and quantify CN variants we used CONTROL-FREEC, version 9.1 (Boeva et al. 2011 (Boeva et al. , 2012 , 137 which we chose because of its low false positive rate and high true positive rate (Duan et al. 2013) . 138 Importantly, the average depth of coverage or read depth of the 132 strains was 30.1 ± 14.7X (minimum: 139 13.0X, maximum: 104.5X; Figure S3 ), which is considered sufficient for robust CNV calling (Sims et al. 140 2014) . Serine/Threonine-rich sequences of FLO11 (Lo and Dranginis 1996) . BEDTOOLS, version 2.25 (Quinlan 148 and Hall 2010) was used to identify duplicated or deleted genic loci (i.e., CN variable loci) that 149 overlapped with genes by at least one nucleotide. The CN of each gene (genic CN) was then calculated as 150 the average CN of the 250 bp windows that overlapped with the gene's location coordinates in the 151 genome. The same method was used to determine non-genic CN for loci that did not overlap with genes 152 (ie., non-genic CN variable loci). To identify statistically significant differences between CN variable loci 153 that were duplicated versus those that were deleted, we employed the Mann-Whitney U test (Wilcoxon 154 rank-sum test) with continuity correction (Wallace 2004) . 155 156
Diversity in CN Variation and GO Enrichment 157
To identify CN diverse loci we used two different measures. The first measure calculates the statistical 158 variance (s 2 ) for each locus where CN variants were identified in one or more strains. s 2 values were 159 subsequently log 10 normalized. Log 10 (s 2 ) accounts for diversity in raw CN values but not for diversity in 160 CN allele frequencies. Thus, we also employed a second measure based on the Polymorphic Index 161 Content (PIC) algorithm, which has previously been used to identify informative microsatellite markers 162 for linkage analyses by taking into account both the number of alleles present and their frequencies (Keith 163 et al. 1990; Risch 1990 ). PIC has also been used to quantify population-level diversity of simple sequence 164 repeat loci and restriction fragment length polymorphisms in maize (Smith et al. 1997) . PIC values were 165 calculated for each locus harboring at least one CN variant based on the following formula: 166
is the squared frequency of a to z CN values (Smith et al. 1997) . PIC values may range from 0 167 (no CN diversity) to 1 (all CN alleles are unique). 168
169
To create a list of loci exhibiting high CN diversity for downstream analyses, we retained only those loci 170 that fell within the 50 th percentile of log 10 (s 2 ) values (min = -2.12, median = -1.02, and max = 2.40) or the 171 50 th percentile of PIC values (min = 0.02, median = 0.14, and max = 0.96). To identify loci absent from the reference strain but present in other strains, we assembled unmapped 185 reads from the 20 strains with the lowest percentage of mapped reads. The percentage of mapped reads 186 was determined using SAMTOOLS (Li et al. 2009 ); its average across strains was 96% (min = 70.5% and 187 max = 99%; Figure S4 ). Unmapped reads from the 20 strains with the lowest percentage of mapped reads 188 were assembled using SPADES, 
Descriptive Statistics of CN variation 196
To examine CN variation across wine yeasts, we generated whole genome CN profiles for 132 strains 197 ( Figure S5 , File S2). Across all strains, we identified a total of 2,820 CNVRs that overlapped with 2,061 198 genes and spanned 3.7 megabases (Mb). The size distribution of CNVRs was skewed toward CN variants 199 that were shorter than 1 kilobase (kb) in length ( Figure 1A , Figure S6A & Table S1 ). Strains had an 200 average of 97.8 ± 9.5 CNVRs (median = 86) ( Figure S6B ) that affected an average of 4.3% ± 0.1% of the 201 genome (median = 4.1%) ( Figure S6C ). 202 203 Due to the known influence of CN variable genes (Henrichsen et al. 2009; Orozco et al. 2009 ), we next 204 quantified the number of genic and non-genic CNVRs ( Figure 1B and C). We found statistically 205 significant differences in the number of duplicated and deleted loci that are genic or non-genic Whitney U test; p < 0.01 for both genic and non-genic comparisons) revealing that there were 207 significantly more deleted genic and non-genic CNVRs than duplicated ones. 208
209
CN Diversity in Subtelomeres 210
To identify loci that exhibited high CN diversity, we retained only those loci that fell within the 50 th 211 percentile of at least one of our two different measures (log 10 (s 2 ) and PIC) across the 132 strains. The 212 distributions of the two measures ( Figure S7 ) were similar, with 1,326 loci ( Figure S7C and all five members of the IMA gene family (involved in isomaltose, sucrose and turanose metabolism). 241
Other enriched categories were associated with multi-cellular processes such as the FLOCCULATION (p < 242 0.01) and AGGREGATION OF UNICELLULAR ORGANISMS (p = 0.03). All members of the FLO gene family 243 (involved in flocculation) and YHR213W (a flocculin-like gene) were associated with these GO enriched 244 terms. 245 246 Contrary to overrepresented GO terms, underrepresented terms were associated with genes whose protein 247 products are part of the interactome or protein-protein interactions such as PROTEIN COMPLEX (p < 0.01), 248 MACROMOLECULAR COMPLEX ASSEMBLY (p = 0.03), TRANSFERASE COMPLEX (p < 0.01) and 249 RIBONUCLEOPROTEIN COMPLEX BIOGENESIS (p = 0.04). Our finding of underrepresented GO terms being 250 associated with multi-unit protein complexes supports the gene balance hypothesis, which states that the 251 stoichiometry of genes contributing to multi-subunit complexes must be maintained to conserve kinetics 252 and assembly properties Veitia 2010, 2012) . Thus, genes associated with multi-unit protein 253 complexes are unlikely to exhibit CN variation. 254
255
Genic CN Diversity 256
To further understand the structure of CN variation in highly diverse CN genes, we first calculated the 257 absolute CN of 23 genes associated with GO enriched terms related to wine fermentation processes (e.g., 258 metabolic functions; Figure 2 and File S3) as well as 57 genes with the highest PIC or log 10 (s 2 ) values 259 ( Figure S9 and File S4; 69 total unique genes). Among these 69 genes, gene CN ranged from 0 to 92; 260 both the highest CN diversity and absolute CN values were observed in segments of the rDNA locus 261 MAL13 were deleted in 65 (49.2%), 86 (65.2%), and 61 strains (46.2%), respectively. In contrast, the 294 MAL3 locus genes MAL31 (YBR298C), MAL32 (YBR299W), and MAL33 (YBR297W) were duplicated in 295 100 (75.8%), 99 (75%), and 98 strains (74.2%), respectively. Interestingly, we did not observe any 296 deletions in any of the MAL3 locus genes across the 132 strains. When considering all members of the 297 MAL gene family, we found that the 132 strains differed widely in their degree to which the locus had 298 undergone expansion or contraction ( Figure S10 were among the 363 genes with high CN diversity (File S3) and IMA1 (YGR287C; PIC = 0.87) was 302 among the top 57 genes with the highest CN diversity (Files S4). IMA1 was deleted in 54 strains (40.9%) 303 and duplicated in 50 strains (37.9%) (Figure 3 ). Although many duplications or deletions did not span the 304 entirety of IMA1, there were 4 strains that harbored high CNs between 4 and 6. These same four strains 305 also had similar and unique duplications of MAL11 and MAL13, suggesting that IMA1, MAL11, and 306 MAL13, which are adjacent to each other in the genome, may have been duplicated as one locus. The 307 other isomaltases (IMA2-5; YOL157C, YIL172C, YJL221C and YJL216C) were deleted in at least 11 308 strains (8.3%) and at most 55 strains (41.7%). No duplications in IMA2-5 were detected and only rarely in 309 IMA3 (5 strains, 3.8%). Altogether, the 132 strains exhibited both expansions and contractions of the IMA 310 gene family ( Figure S10) . 311
312
We identified 7 members of the HXT gene family (HXT6/YDR343C, HXT7/YDR342C, HXT9/YJL219W, 313 HXT11/YOL156W, HXT13/YEL069C, HXT15/YDL245C, and HXT17/YNR072W), which is involved in 314 sugar transport, that were among the 363 CN diverse genes (File S3). Members of the HXT gene family 315 were duplicated, deleted or had mosaic absolute CN values across the 132 strains. For example, HXT6 316 and HXT7 were primarily duplicated in 25 (18.9%) and 22 strains (16.7%), respectively, while only 3 317 strains (2.3%) had deletions in either gene (Figure 3) . HXT9, HXT11, HXT15 were deleted in 32 (24.2%), 318 57 (43.2%) and 53 strains (40.2%), respectively, while no strains had duplications. Finally, HXT13 was 319 duplicated in 12 strains (9.1%) and deleted in 17 strains (12.9%), and HXT17 was duplicated in 37 strains 320 (28%) and deleted in 9 strains (6.8%). Serine/Threonine-rich region located in the center or end of the FLO5 gene, respectively. To better 341 resolve intra-genic CN variation of FLO11, whose repeat unit is shorter than that of FLO5, we recalled 342 CN variants with a smaller window size of 25 bp and re-evaluated CN variation ( Figure S12 ). Using this 343 window size, we found extensive duplications in 97 strains (73.5%) between gene coordinates 250-350 344 bp. Furthermore, duplications were observed in the hydrophobic Serine/Threonine-rich regions (Figure  345 S12), which are associated with the flocculation phenotype (Fidalgo et al. 2006; Ramsook et al. 2010) . When examining fitness effects when grown at 23°C or at 25°C for 5 or 15 generations for the 12 375 commonly deleted genes, we observed at least one deletion that resulted in a fitness gain or loss for each 376 condition. However, we observed extensive deletions in the MAL1 locus ( Figure 3) background, we found that fitness effects were small in magnitude and dependent on condition and 398 plasmid CN (File S6). For example, MAL32 low CN increased growth fitness by 0.02X but decreased 399 fitness by -0.01X at a high CN ( Figure S14) . Interestingly, the most prevalent CN for MAL32 across the 400 132 strains was 2 (96 strains, 72.7%), with only 3 strains showing a CN of 3 and none a higher CN. 401
Another gene found at low CN in 37 strains (28%) was HXT17. Low plasmid CN in a glucose-limited 402 conditions resulted in a fitness gain of 0.06X. In contrast, MAL13 low or high plasmid CN resulted in a 403 negative growth fitness of -0.02X and -0.01X, respectively. Interestingly, MAL13 duplication is only 404 observed in 4 strains (3%) and deletions are observed in 61 strains (46.2%). 405 406 Similar to the glucose-limited condition, we found fitness was dependent on high or low plasmid CN in 407 the phosphate-limited condition. For example, MAL31, a gene present at low CN in 100 strains had a 408 fitness gain of 0.04X at high plasmid CN but low plasmid CN resulted in a fitness loss of -0.02X. In 409 contrast, MAL32, which was present at low CN in 99 strains, had a small fitness gain of 0.002X at low 410 plasmid CN and a fitness loss at a high plasmid CN of -0.02X. A total of 6 genes resulted in a 411 disadvantageous growth effect when present at low CN, such as DDR48, which resulted in a fitness loss 412 of -0.04X. Altogether, our results suggest that the deleted and duplicated CN variable genes we observe 413 ( Figure 4 ) modulate cellular processes that result in advantageous fitness effects in conditions that 414 resemble the fermentation environment. 415 416
Identifying loci absent from CN variation analysis 417
The present study was able to capture loci represented in the WT/S288c laboratory strain. To identify loci 418 absent from the reference strain, we assembled unmapped reads for 20 strains with the lowest percentage 419 of reads mapped and determined their identity (see methods; figure S4 ). Across the 20 strains, we 420 identified 429 loci absent from S288c but present in other sequenced S. cerevisiae strains. These loci had 421 an average length of 6.9 kb and an average coverage of 107.2X. The 20 loci with the highest bitscore 422 alongside with the number of strains containing the locus are shown in Table S2 . All but two of these loci 423 were present only in one of the 20 strains we examined. The two exceptions were: the 424 EC1118_1N26_0012p locus, which we found in 8 / 20 strains, which originates from horizontal gene 425 transfer from Zygosaccharomyces rouxii to the commercial EC1118 wine strain of S. cerevisiae (Novo et 426 al. 2009 ); and the EC1118_1O4_6656p locus, which we found in 7 / 20 strains. This locus was also 427 originally found in the EC1118 strain (Novo et al. 2009 ) and contains a gene similar to a conserved 428 hypothetical protein found in S. cerevisiae strain AWRI1631 (Borneman et al. 2008) . Figure 4 ). 438
439
The characteristics of CN variation in wine yeast ( Figure 1A ; Figure S6 ; Table S1 ) were found to be 440 similar to those of the recently described beer yeast lineage (Gallone et al. 2016) . For example, both 441 lineages exhibited a similar size range of CNVRs ( Figure 1A ; Figure S6 ; Table S1 ) as well as a higher 442 prevalence of CNVRs in the subtelomeric regions ( Figure 1D ). However, wine strains had a smaller 443 fraction of their genome affected by CN variation ( Figure S6 An alternative, albeit not necessarily conflicting, hypothesis is that wine yeasts underwent domestication 455 for specific but diverse wine flavor profiles (Hyma et al. 2011) . Consistent with this view is the deletion 456 (in >90% of the strains) of the THI5 gene (Figure 3) , whose activity is known to produce an undesirable 457 rotten-egg sensory perception via higher SH 2 production and is associated with sluggish fermentations 458 (Bartra et al. 2010) . In contrast to wine strains, duplications of THI5 have been observed across the 459 Saccharomyces genus, including in several strains of S. cerevisiae (CBS1171, 2 copies; S288c, 4 copies; 460 EM93, 5 copies), S. paradoxus (5 copies), and the lager brewing yeast hybrid Saccharomyces pastorianus 461 (syn. S. carlsbergensis; 2+ copies) (Wightman and Meacock 2003) . In contrast, THI13, which is 462 duplicated in 62.1% of strains, shows an increase in its expression 6-100-fold in S. cerevisiae when grown 463 on medium containing low concentrations of thiamine allowing for the compensation of low thiamine 464 levels (Li et al. 2010) . Low levels of thiamine in wine fermentation have been associated with stuck or 465 slow fermentations (Ough et al. 1989; Bataillon et al. 1996) . Similar to THI5 deletions, THI13 466 duplications may have also been driven by human activity due to the advantageous effect of increased 467 expression within the fermentation environment. 468 469 Two other gene families subject to CN variation were the MAL and HXT gene families. The S288c strain 470 that we used as a reference contained two MAL loci (MAL1 and MAL3), each containing three genes -a 471 maltose permease (MALx1), a maltase (MALx2), and an MAL trans-activator (MALx3) -and located near 472 the ends of different chromosomes (Michels et al. 1992) . MAL, IMA and HXT gene families; rows correspond to genes and columns to strains. Blue-colored cells 766 correspond to deletions, black-colored cells to no CN variation and red-to-purple-colored cells to 767 duplications (ranging from 2-14). Dots on the right side of the figure represent the proportion of 768 individual strains that harbor CN variation in that gene -the larger the dot, the greater the proportion of 769 the strains that is CN variable for that gene. 770 Genes that are deleted among wine strains are blue whereas those that are duplicated are in red. Genes 773 that were observed to be both duplicated and deleted (IMA1, IMA3, HXT13, CUP1-1) are purple. 774
Disaccharides are in thick-lined boxes, monosaccharides in thin-lined boxes, and alcohols are unboxed. 775
